We report the discovery of 24 spectroscopic binary companions to giant stars. We fully constrain the orbital solution for 6 of these systems. We cannot unambiguously derive the orbital elements for the remaining stars because the phase coverage is incomplete. Of these stars, 6 present radial velocity trends that are compatible with long-period brown dwarf companions. The orbital solutions of the 24 binary systems indicate that these giant binary systems have a wide range in orbital periods, eccentricities, and companion masses. For the binaries with restricted orbital solutions, we find a range of orbital periods of between ∼ 97-1600 days and eccentricities of between ∼ 0.1-0.4. In addition, we studied the metallicity distribution of single and binary giant stars. We computed the metallicity of a total of 395 evolved stars, 59 of wich are in binary systems. We find a flat distribution for these binary stars and therefore conclude that stellar binary systems, and potentially brown dwarfs, have a different formation mechanism than planets. This result is confirmed by recent works showing that extrasolar planets orbiting giants are more frequent around metal-rich stars. Finally, we investigate the eccentricity as a function of the orbital period. We analyzed a total of 130 spectroscopic binaries, including those presented here and systems from the literature. We find that most of the binary stars with periods 30 days have circular orbits, while at longer orbital periods we observe a wide spread in their eccentricities.
Introduction
The study of stars in binary systems provides valuable information about the formation and dynamical evolution of stars. Radial velocity (RV) surveys have revealed that a significant fraction of the stars in the solar neighborhood are found in multiple systems. Duquennoy et al. (1991) showed that more than half of the nearby stars are found in multiple systems, although more recent results show that this fraction is slightly lower (Lada 2006; Raghavan et al. 2010) .
It is well known that stellar systems predominantly form through the gravitational collapse of the molecular cloud, while planetary systems are subsequently formed in the protoplanetary disk. Machida (2008) investigated the evolution of clouds with various metallicities and showed that the binary frequency increases as the metallicity decreases. On the other Send offprint requests to: P.Bluhm, e-mail: pvbluhm@uc.cl ⋆ Based on observations collected at La Silla -Paranal Observatory under programs IDs IDs 085.C-0557, 087.C.0476, 089.C-0524, 090.C-0345, 096.A-9020 and through the Chilean Telescope Time under programs IDs CN2012A-73, CN2012B-47, CN2013A-111, CN2013B-51, CN2014A-52 and CN2015A-48. hand, the planetary formation follows the planet-metallicity correlation. This correlation tells us that planets form more efficiently around metal-rich stars (Gonzalez, 1997; Santos et al. 2001) . When one of the stars in older stellar systems evolves off of the main sequence, the mutual effect of tidal interaction between them might dictate the final orbital configuration of the system. Verbunt & Phinney (1995) studied the orbital properties of binaries containing giant stars in open clusters. They showed that most of the binaries with periods shorter than ∼ 200 days present nearly circular orbits, which is most likely explained by the effect of the tidal circularization (Zahn 1977 (Zahn , 1989 Tassoul 1987 Tassoul , 1988 Tassoul , 1992 . Similarly, Pan et al. (1998) showed that the predictions of Zahn's theories on synchronization for main-sequence binary systems are compatible with observational data. In addition, Massarotti et al. (2008, MAS08 hereafter) showed based on a sample 761 giant stars that all stars in binary systems with periods shorter than 20 days have circularized orbits. They also demonstrated that ∼50% of the orbits that have periods in the range of 20-100 days show significant eccentricity. This result shows the importance of studying the eccentricity distribution of binary A&A proofs: manuscript no. PBluhm 4000-7000 900-1200 UCLES 45000 3000-7000 300-1200 HARPS 115000 3800-6700 90 systems containing giant stars. This allows us to test the validity of the tidal dissipation theory and to empirically measure the tidal dissipation efficiency. Moreover, these results can be also used to study the orbital evolution of planetary systems around evolved stars (e.g., Sato et al. 2008; Villaver & Livio 2009 ).
In this paper we report the discovery of 24 spectroscopic binary companions to giant stars, wich have been targeted since 2009 by the EXPRESS project (EXoPlanets aRound Evolved StarS; Jones et al. 2011 ). The parent sample comprises 166 relatively bright giant stars. The RV measurements of these stars have revealed large amplitude variations, which are explained by the Doppler shift induced by stellar companions or massive brown dwarfs. For six of them, we have good phase coverage, thus the orbital solution is well constrained. The remaining systems present much longer orbital periods, wich means that either their orbital solution is degenerate, or they present a linear RV trend.
In addition, we study the metallicity distribution of binary giant stars. To do so, we added 232 giant stars to the original sample, giving a total of 395 giant stars. We also investigated the period-eccentricity relation for 130 spectroscopic binary giant stars to understand the role of tidal circularization in these systems.
The paper is organized as follows: in Sect. 2 we briefly describe the observations and data reduction analysis. In Sect. 3 we present the stellar properties of the primary star. In Sect. 4 we present the orbital parameters of the binary companions. Finally, in Sect. 5 we present the metallicity distribution for the binary system fraction in giant stars, and in Sect. 6 we present a statistical analysis for the eccentricity distribution.
Observations and data reduction
We observed 24 giant stars that were part of the EXPRESS project. All of the targets are brighter than V = 8 and are observable from the Southern Hemisphere. The target selection was performed according to their position in the HR diagram (0.8 ≤ B-V ≤ 1.2, -0.5 ≤ M V ≤ 4.0). For more details see Jones et al. (2011) .
The data were taken using different high-resolution spectrographs, namely FEROS (Kaufer et al. 1999) , FECH, CHIRON (Tokovinin et al. 2013) , and PUCHEROS (Vanzi et al. 2012 ). In addition, we included observations taken with UCLES (Diego et al. 1990 ) as part of the Pan-Pacific Planet Search (PPPS; Wittenmyer et al. 2011) , and we complemented our data with HARPS (Mayor et al. 2003) archival spectra. A brief description of these instruments is given in Table 1 .
For FEROS and HARPS data, the RVs were computed using the simultaneous calibration method (Baranne et al. 1996) . For FEROS spectra, we computed the cross correlation (Tonry & Davis 1979 ) using a high-resolution template of the same star (see Jones et al. 2013) , while for HARPS spectra we used the ESO pipeline, which uses a numerical mask as template.
For PUCHEROS spectra, the Doppler shift was computed in a similar way as for the FEROS, but the instrumental drift was computed from a lamp observation taken before and after the stellar spectrum.
For FECH, CHIRON, and UCLES data, the RVs were computed using the I 2 cell method (Butler et al. 1996) . The iodine cell superimposes thousands of absorption lines in the stellar light, which are used to obtain a highly accurate wavelength reference. For FECH and CHIRON data, we computed the RVs following the procedure described in Jones et al. (2013) , while for UCLES the velocities were obtained using the Austral code (Endl et al. 2000) , following Wittenmyer et al. (2015) .
The RV precision for FEROS, CHIRON and UCLES is typically better than 5 m s −1 , for FECH it is 10-15 m s −1 , and for PUCHEROS spectra the precision is ∼ 150 m s −1 .
Stellar properties
The main stellar properties of the primary stars are summarized in Table 2 . The visual magnitude and B-V color were taken from the Hipparcos catalog (Perryman et al. 1997) . A simple linear transformation was applied from the Tycho B T and V T magnitudes to B and V magnitudes in the Johnson photometric system, and are given by:
The uncertainties were derived from the error in these transformations. Their distances were computed using the Hipparcos parallaxes (Π). All of these objects are relatively bright (V < 8 mag), and they reside at a distance d < 200 pc from the Sun. To derive the spectroscopic atmospheric parameters, we used the equivalent widths of a set of neutral and singly ionized iron lines. We used the MOOG code (Sneden 1973) , which solves the radiative transfer equation, using a list of atomic transitions along with a stellar atmosphere model from Kurucz (1993) . For further details see Jones et al. (2011; .
The stellar luminosities were computed using the bolometric correction (BC) presented in Alonso et al. (1999) . Additionally, we corrected the visual magnitudes using the interstellar extinction maps of Arenou et al. (1992) . The uncertainty in the luminosity was obtained by formal propagation of the errors in V, Π, A v and the BC. The stellar mass and radius were derived by comparing the position of these two quantities with the Salasnich et al. (2000) evolutionary models, and their uncertainties were obtained from the standard deviation of 1000 random realizations, assuming Gaussian distributed errors in M ⋆ and R ⋆ . We adopted an uncertainty of 100 K in the effective temperature. We obtained this value by comparing our results with T eff measurements from different studies (Jones et al. 2011) . These objects cover a wide range in luminosities (∼ 5 -70 L ⊙ ) and stellar radii (∼ 3 -11 R ⊙ ), showing the wide spread in their stellar evolutionary stages across the red giant and horizontal branch.
Unseen companions
To determine whether features of the companion can be found in the spectrum, the contribution of the companion to the total luminosity was calculated based on the photometric spectral energy distribution (SED). The photometry used in this procedure is Johnson, Stromgren and 2MASS photometry obtained from the literature. For each object at least five photometric measurements were found. The SED fitting procedure used is the binary SED fit outlined in Vos et al. (2012) and Vos et. al. (2013) in which the parameters of the giant component are kept fixed at the values determined from the spectra, and only the parameters of the companion are varied. For this procedure, five photometric points are enough for a reliable result. The observed photometry was fit with a synthetic SED integrated from Kurucz atmosphere models (Kurucz et al. 1979) ranging in effective temperature from 3000 to 7000 K, and in surface gravity from log g=2.0 dex (cgs) to 5.0 dex (cgs). The radius of the companion was varied from R comp = 0.1 to 2.0 R ⊙ . The SED fitting procedure uses the grid-based approach described in Degroote et al. (2011) , were 1 000 000 models are randomly picked in the available parameter space. The best-fitting model is determined based on the χ 2 value. As the parameters (effective temperature, surface gravity, and radius) of the giant component are fixed at the values determined from the spectroscopy and the distance to these systems is known accurately from the Hipparcos parallax (see Table 2 ), the total luminosity of the giant is fixed. This allows accurately determining the amount of missing light from the SED fit. For two systems, HIP4618 (see Fig. 1 ) and HIP59367, the SED fit shows that about 4-5% of the total light originates from the companion. For all other systems the contribution of the companion to the total light is lower than 1%. This contribution is too low for spectral separation to work or to determine in any way reliable parameters for the companion star.
None of the model SEDs based on the spectroscopically obtained parameters shows a surplus luminosity compared to literature photometry. This is an additional indication of the correctness of the giant companion's spectroscopic parameters. Table 2) , and for the companion T eff =5500 K, logg=4.0, radius=1.2 R ⊙ .
Orbital elements
In this section we analyze the orbital properties of the 24 binary systems. We separate these systems according to their orbital period into three groups: i) systems for which the observational time span is longer than the orbital period and for wich thus a reliable orbital solution can be derived, ii) systems with longer orbital periods, for which it is possible to obtain a solution, but A&A proofs: manuscript no. PBluhm with a high level of degeneracy in the orbital parameters, and iii) systems that present a RV trend.
Short-period binaries
Four of the 24 stars, show large RV variations ( 10 km s −1 ), with orbital periods P 430 days. For these, it was possible to fully constrain the orbital solution. To determine the orbital elements of the systems, we used the 2.17 version of the Systemic Console (Meschiari et al. 2009 ), excluding the PUCHEROS velocities, which have uncertainties up to ∼ 100 times larger than UCLES, FEROS, and CHIRON data. The stars HIP4618, HIP10548, HIP73758, and HIP83224 have periods shorter than ∼ 430 days. The orbital elements of the four stellar companions are listed in Table 3 . Figure 2 shows the resulting RV curves. In the four cases, the RV data cover more than two orbital periods.
Long-period binaries
In eight cases, we observe large RV variations, but with orbital periods exceeding the observational time span. However, for HIP 59367 and HIP 104148 the phase coverage is good enough to obtain a unique orbital solution. Figure 2 shows the RV curves of these two stars. The orbital elements of the binary companions are listed in Table 3 . For the remaining six cases the orbital solution is partially degenerated because of the poor phase coverage, meaning that we can only set lower and upper limits for the orbital period and the eccentricity. Figure 3 shows the RV curve of these stars. One possible orbital solution is overplotted. In these cases it is not possible to unambiguously obtain a solution.
Long-period trends
The remaining 12 stars in this sample present RV variations, ranging from thousands of m s −1 level up to peak-to-peak variations of several km s −1 . Half of the systems present a linear RV trend, while the remainder show some level of curvature in the observed velocities. Figure 4 shows the RV epochs of the six stars that present the smallest RV variations (∼ 500 m s −1 ). Since these stars show moderate RV variations, they are candidates for hosting long-period brown dwarfs, which makes them very interesting targets for direct imaging to determine the nature of the companion. Finally, Fig. 5 shows the velocity variations of the stars that present large RV long-trend variations ( 1 k m s −1 ), which are most likely part of a long-period stellar binary system.
Metallicity distribution
We investigated the metallicity distribution of the primary giant stars and their binary fraction. Additionally, we included 82 stars from Setiawan et al. (2004) and 150 stars from MAS08, wich makes up a sample of 395 giant stars in this analysis. We computed the metallicities of SET04 targets using FEROS archival data. For the MAS08 targets, we used only those targets with metallicities computed by McWilliam (1990; MCW90 hereafter) . We compared our sample with the MCW90 sample and we found 18 common stars. These stars are shown in Fig. 6 . To remove any bias due to differences in the metallicity derived by our method and MCW90, we adjusted a linear function to correlate the two studies. We found a linear correlation of the form [Fe/H] EXP = 1.20 [Fe/H] MCW90 +0.17. Figure 6 shows the EXPRESS versus MCW90 metallicities for the 18 targets in common. The best linear fit is overplotted. The RMS of the fit is 0.08 dex, and the Pearson linear coefficient is r=0.90.
Using this information, we converted from MCW90 metallicities into our metallicity scale, for all of the binaries listed in MAS08 and metallicities from MCW90. Figure 7 shows the normalized metallicity distribution of the primary stars for a total of 59 binaries, including EXPRESS, SET04, and MAS08 systems (black solid line). The error bars were computed according to Cameron (2011) . The overall sample distribution is overplotted (blue dashed line). The metallicity distribution between ∼ -0.3 to 0.3 dex is nearly flat. Moreover, the highest fraction is obtained at metallicities around -0.5 dex. Interestingly, Raghavan et al. (2010) showed that binary systems among solar-type stars redder than B-V = 0.625 are more frequent around stars with [Fe/H] -0.3 dex, in good agreement with our findings 1 . However, we note that the bin centered on -0.5 dex in the one with the least number of stars in the combined sample (13 systems), and therefore with the largest error bars. This result is in stark contrast with the observed metallicity distribution of planet-hosting giant stars, showing a strong increase in the giant planet frequency with increasing metallicity (e.g., Reffert et al. 2015; Jones et al. 2016) , as found in solar-type stars (e.g., Fischer & Valenti 2005) . This observational result also agrees with recent hydrodynamical simulations showing that the formation of binary systems across a wide range of stellar masses is not significantly affected by the metal content of the molecular clouds (Bate 2014) .
Additionally, we also studied the relation in the effective Figure 8 shows the MVW90 versus EXPRESS T effs . The linear fit is overplotted. The error bars are not given in the MC90, and we used error bars given by the standard deviation for de T eff (MC90) values. Our values overestimate those derived by MCW90, which mainly explains why we also see a systematic difference in the derived metallicities (see Fig. 6 ).
Period-eccentricity distribution
We studied the period-eccentricity distribution of 130 spectroscopic binary systems in giant stars. We included all of the binaries with orbital solution from VER95, SET04, MAS08, and those presented here for which it was possible to obtain an orbital solution. Figure 9 shows the orbital period versus eccentricity of these systems. Systems with short orbital periods A&A proofs: manuscript no. PBluhm (P 20 days) present nearly circular orbits, similar to solar-type binaries, which is most likely explained by tidal circularization. Furthermore, there is a transition region from P ∼ 20-80 days where binary systems present moderate eccentricities (e 0.4). Finally, at longer orbital periods, there is a wide spread in e, ranging from nearly circular orbits to highly eccentric systems (e ∼ 0.9). This transition region and eccentricity distribution at orbital periods longer than ∼ 100 d is also observed in solar-type binaries (e.g., Duquennoy & Mayor 1991; Jenkins et al. 2015) .
The giant binary systems with moderately long orbital periods (∼400-800 days) might be the precursors of the wide eccentric hot subdwarf binaries studied by Vos et al. (2015) . A hot subdwarf star is a core helium-burning star located at the blue end of the horizontal branch, with colours similar to mainsequence B stars, but with much broader Balmer lines (Sargent & Searle 1968) . The study of the orbital parameters of these systems will therefore be useful in binary population synthesis studies for wide sdB binaries to help determine the correct evolutionary channels of these evolved binaries.
Summary
We presented a sample of 24 giant stars that have revealed large radial velocity variations, which are induced by massive substellar or stellar companions. Based on precision RVs computed from high-resolution spectroscopic observations obtained as part of the EXPRESS program, we were able to fully constrain the orbital elements of 6 systems. In 6 more cases, we were able to obtain a solution although the orbital elements are poorly constrained. In the remaining cases, the primary star exhibits a RV trend, thus no solution is obtained. Six of these stars present velocity variations that are compatible with the presence of a longperiod brown dwarf companion.
In addition, we studied the metallicity distribution of the primary stars. For this purpose, we retrieved literature data from two different studies, namely MAS08 and SET04. Our final sample comprised 59 spectroscopic binary systems, detected from a parent sample of 395 giant stars, covering a range of metallicities between [Fe/H] ∼ -0.5 and +0.5 dex. We found no significant correlation between the frequency of binary companions and the stellar metallicity. This result reinforces the fact that stellar binaries are formed mainly by gravitational collapse, which is highly insensitive to the dust content of the protostellar disk (e.g., Bate 2014), while planetary systems, including those orbiting giant stars, are formed in the protoplanetary disk by the core-accretion mechanism (e.g., Gonzalez, 1997; Santos et al. 2001; Reffert et al. 2015; Jones et al. 2016) .
Finally, we studied the period-eccentricity distribution of the companions. We included a total of 130 spectroscopic binaries from the literature with known eccentricities. We found an eccentricity distribution that is characterized by short-period systems (P 20 days) that present very low eccentricities (with the exception of one case with e ∼ 0.2). For orbital periods between ∼ 20-80 days, all of the systems present moderate orbital eccentricities (e 0.4). At longer orbital periods, there is a wide spread in e, from nearly circular orbits to eccentricities as high as ∼ 0.9. The overall distribution is qualitatively similar to the distribution observed in solar-type stars, although the circularization edge is found at slightly longer orbital periods, which is most likely explained by the stronger tidal effect induced by the larger stellar radii. 4.5 FEROS P. Bluhm et al.: Spectroscopic binary companions around giant stars 
